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Not all quantum protocols require entanglement to outperform their classical alternatives. The
nonclassical correlations that lead to a quantum advantage are conjectured to be captured by
quantum discord. Here we demonstrate that discord has an immediate practical application: it
allows a client who lacks the ability to generate entanglement or conduct quantum measurements
to certify whether an untrusted party has entangling gates. We implement our protocol in the
discrete-variable regime with photonic qubits, and show its success in the presence of high levels
of noise and imperfect gate operations. Our technique offers a practical method to test claims
of quantum processing, and for benchmarking entangling operations for physical architectures in
which only highly-mixed states are available.
Models of intermediate quantum computing [1–4] of-
fer an intriguing approach for developing quantum de-
vices that outperform their classical counterparts. These
models derive their attraction from the reduced resources
compared to scalable quantum computing, and hence
should be realisable sooner. One example of interme-
diate quantum computation is the mixed-state algorithm
DQC1 [1]. Its computational advantage is often [5, 6]
associated with quantum discord [7, 8], a nonclassical
correlation which is identical to entanglement for pure
states, but persists for mixed states, even when the en-
tanglement is zero.
The presence of such nonclassical correlations in virtu-
ally all mixed states prompted the question as to whether
discord was ultimately a useful quantum resource [9].
While it is now known that quantum circuits consist-
ing of one- and two-qubit gates cannot provide super-
polynomial computational speedups without generating
discord [10], a formal link to computational advantage
for specific protocols such as DQC1 is still missing. This
has motivated extensive efforts in identifying the opera-
tional significance of discord, both in theory [11–20] and
experiment [21, 22].
Here, we show that discord has an immediate practical
application, the certification of entangling gates. In this
scenario, Alice wishes to test whether an untrusted party,
Bob, can perform entangling operations. Conventional
methods requires either quantum tomography, tests of
Bell inequalities, or the generation of quantum entangle-
ment. Such actions require Alice to either conduct quan-
tum measurements herself, possess entanglement, or put
blind trust in the gate operator Bob. In many situa-
tions, this is unrealistic. Bob may represent commercial
entity that markets the services of quantum processing.
Alice, a potential client, would thus want to test Bob’s
claims with minimal technical requirements. We demon-
strate this is possible when Alice can only prepare sep-
arable, but discordant, states and perform single-qubit
operations. We implement our technique using a two-
qubit photonic entangling gate and show that we can
verify an entangling operation even in the presence of
entanglement-breaking noise and imperfect gates. Note
that such an asymmetry in resources is a natural assump-
tion in adversarial quantum communication scenarios,
such as blind quantum computation [23].
We draw inspiration from the discord consumption pro-
tocol introduced in [22]. In this protocol, Alice ran-
domly encodes information in some discordant bipartite
state ρAB , and Bob is challenged to retrieve as much of
this information as possible. If Bob is limited to per-
forming a single local measurement on each bipartition,
then his performance is constrained to some incoherent
limit. However, coherent bipartite interactions allow Bob
to surpass this bound. The protocol suggests that dis-
cord could be used to test for Bob’s capacity to coherently
interact, and thus entangle the two physical systems.
Direct application of this protocol, however, leads to a
loophole. The incoherent limit constrains Bob to measur-
ing each bipartition only once. Bob can potentially cheat
using multiple rounds of adaptive measurements on the
two bipartitions (See Appendix A). In this letter, we close
this loophole when Alice’s bipartite state consists of two
discordant qubits. In this scenario, the incoherent limit
strictly bounds the amount of information Bob can ac-
cess with only single-qubit quantum gates. Should Bob
surpass this limit, Alice can be certain that Bob has some
entangling two-qubit gate.
Recall that discord quantifies the quantum com-
ponent of the correlations between two physical sys-
tems [7, 8]. The total correlations between two sys-
tems, A and B, are quantified by the mutual in-
formation I(A,B)=S(ρA)+S(ρB)−S(ρAB), where S(ρ)
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2is the Shannon entropy of the state ρ. Mean-
while the classical component of these correlations,
J(A|B)=S(ρA)−max{Πb}∈M
∑
pbS(ρA|b), is defined by
the reduction in the entropy of A after a measurement
on B, when maximized over positive operator value mea-
surements (POVMs) performed on B. (Here, pb is the
probability of getting measurement outcome b, leaving A
in the conditional state ρA|b,M represents the class of all
possible POVMs, and Πb represents a generic operator).
Thus, the difference between these quantities quantifies
the amount of quantum correlations between A and B.
We define this discrepancy, δ(A|B)=I(A,B)−J(A|B), as
the discord. Note that discord is generally asymmetric,
δ(A|B) 6= δ(B|A).
To execute the protocol, Alice first initialises two
qubits in some state ρAB . She then labels qubits such
that δ(A|B) ≤ δ(B|A). If δ(A|B) 6= 0, we say the state
contains discord. Alice then generates a random variable
K that is uniformly distributed between the four possible
values (b1, b2), where b1, b2 ∈ {0, 1} are random bits, see
Fig. 1a), and encodes each possible k = (b1, b2) on her
system by application of the corresponding local unitary
Uk = σ
b1
x σ
b2
z on qubit A.
The qubit pair is given to Bob, who is challenged to
guess k by returning an estimate km governed by a ran-
dom variable Km. Alice quantifies Bob’s performance
by the amount of information km contains about k, i.e.,
Iexp = I(K,Km), the mutual information between K
and Km.
Let Ic be Bob’s best possible performance when he is
restricted to single-qubit gates and arbitrary local mea-
surements. Let Iq be his performance when he can
also implement arbitrary two-qubit gates on A and B,
or between either qubit and additional ancilla qubits:
∆I=Iq−Ic is then the ‘quantum advantage’ of having
two-qubit entangling gates. Provided ∆I is non-zero,
Alice can be certain that Bob possesses some entangling
two-qubit gate. In the appendix, we show that this is
possible for any general two-qubit state ρAB that con-
tains non-zero discord, i.e., δ(A|B) 6= 0. Furthermore,
provided A and B represent qubits,
Iq − Ic = δ(A|B). (1)
The amount of information Alice can encode within ρAB
that can be accessed by two-qubit operations is given ex-
actly δ(A|B). Since virtually all mixed states contain
non-zero discord, Alice has considerable freedom in her
choice of ρAB . In practice, she will pick a state which is
easy to prepare in her architecture that contains signifi-
cant levels of discord.
In our proof-of-principle experiment, Alice prepares an
equal mixture of the three symmetric Bell states
ρAB =
1
3
(|φ+〉〈φ+|+ |φ−〉〈φ−|+ |ψ+〉〈ψ+|) , (2)
where |φ±〉=(|00〉±|11〉)/√2 and |ψ+〉=(|01〉+|10〉)/√2.
The state ρAB can be rewritten as ρAB=
∑
i(|0i0i〉〈0i0i|
+|1i1i〉〈1i1i|), where i={x, y, z}, so that |0〉i and |1〉i rep-
resent the computational basis states with respect to the
Pauli operators σi. ρAB is therefore clearly separable and
relatively simple to prepare: Alice can simply initialize
two qubits oriented in one of the six orthogonal directions
on the Bloch sphere at random. In addition, δ(A|B) has
a simple form for our state of choice because J(A|B)
is maximized by any projective measurement. We find
δ(A|B)=1/3, which ranks at the very high end of sepa-
rable states [24].
Bob’s optimal strategy in this scenario is to conduct
measurements in the Bell basis. For each k, the resulting
state after application of Uk will be an equal mixture of
three of all four Bell states
ρAB =
1
6

2−b1 0 0 b1r
0 1+b1 (1−b1)r 0
0 (1−b1)r 1+b1 0
b1r 0 0 2−b1
 (3)
where r=(−1)b2 . For every instance of the protocol,
Bob’s Bell state measurement allows him to eliminate
one of the four possible values of k. His probability of
correctly guessing k based on each outcome will be 1/3,
which results in an information rate of Iq=2− log2(3) ≈
0.415, assuming zero noise and a perfect gate operation.
In contrast, Bob’s maximal information rate with-
out an entangling two-qubit gate is bounded above by
Ic = Iq−δ(A|B)=5/3− log2(3)≈0.082. Upon receipt of
km, Alice can compute Bob’s achieved information rate
Iexpq . Should this exceed Ic, she is sure that Bob is capa-
ble of implementing an entangling two-qubit operation.
In our experiment, Alice encodes ρAB in the po-
larisation of two single-photon qubits, where horizon-
tal |H〉 and vertical |V 〉 polarisations correspond to
the logical states |0〉 and |1〉, Fig. 1b). Bob conducts
his Bell-state measurements using a non-deterministic,
controlled-phase (cz) gate [25, 26] and single-qubit
Hadamard gates. The cz gate relies on two-photon inter-
ference at a beamsplitter, imparting a pi phase shift on
the input state Ucz|V V 〉 → −|V V 〉, while leaving other
input combinations of basis states unchanged.
Alice constructs her discordant state ρAB se-
quentially by preparing photons in one of the
states {|HH〉, |V V 〉, |DD〉, |AA〉, |RR〉, |LL〉}, where
|D〉, |A〉=(|H〉±|V 〉)/√2 and |R〉, |L〉=(|H〉±i|V 〉)/√2,
and applies one of the four encodings k. Bob’s Bell
state measurement sums up over all components of
Alice’s state to extract the final measurement out-
comes. The experimental information rate achieved
was Iexpq =0.363±0.008 which is more than 35 standard
deviations above the classical limit for Ic.
We investigated the robustness of the protocol
by studying two key sources of imperfection: i)
the addition of white noise to the ideal state,
ρ(p)AB=p ρAB+(1−p) 14 ; and ii) imperfect gate oper-
3BBO
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FIG. 1. a) Quantum circuit representation of the protocol.
Alice prepares discordant state ρAB and encodes onto it the
classical quaternary variable k via the unitaries σb1x , σ
b2
z .
Bob conducts an allegedly entangling operation—optimally
a Bell-state measurement—to estimate Alice’s encoding. b)
Experiment. Alice’s qubits are realised using orthogonal po-
larisation states of two 820 nm single photons generated via
type-I spontaneous parametric down-conversion in a 2 mm β-
barium-borate (BBO) crystal pumped by a frequency-doubled
(820 nm→410 nm) Ti:Sapphire laser (100 fs pulse length,
76 MHz repetition rate). Qubits are initialised with polar-
ising beamsplitters (PBS), and rotated (lilac area) and en-
coded (green area) via quarter- (QWP) and half-wave plates
(HWP). Bob’s entangling measurement is realised with a non-
deterministic cz gate based on nonclassical interference of
photons at a partially-polarising beam splitter (PPBS) of re-
flectivity ηV = 2/3 (ηH = 0) for vertical (horizontal) polar-
isation. Photon arrival time is controlled by a relative tem-
poral delay ∆τ=0, which is used to tune gate quality. The
three HWPs enact Hadamard operations to turn the cz into a
cnot gate, and to complete the Bell-state measurement (yel-
low area). Photons are analysed in the Z-basis by PBS’s, and
detected by avalanche photodiodes (APD, grey area).
ation, by increasing the temporal distinguishability be-
tween the two interfering photons, ∆τ . We modeled
the latter by mixing one of the cz gate input modes
with a vacuum mode using a virtual beamsplitter with
transmittivity ξ [25]: the relation of this parameter to
the temporal mismatch ∆τ is found by mapping to the
well-known Gaussian two-photon interference pattern,
ξ=1−e−(∆ω∆τ)2 , where ∆ω is the spectral bandwidth of
our single photons. Starting from Bob’s optimal informa-
tion rate Iq'0.415, Fig. 2(a) predicts a large operating
range with quantum advantage.
We tested these predictions experimentally. In
Fig. 2(b) Bob runs the entangling gate optimally, ∆τ=0,
and Alice increases the noise on her state i.e. decreases
p, until ρ˜AB is fully mixed. The ideal performance limit
for Bob is in this case dictated by the Holevo limit
Iq=2−S[ρ(p)AB ]. As predicted, we find that Bob always
retains a quantum advantage over the classical estimate
for any given level of noise. In fact, this remains true
for general noise. Any additional noise on ρAB can be
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FIG. 2. Certification of a quantum operation with discordant
states. (a) Theoretical quantum performance Iq achievable
by Bob vs. classical limit Ic as a function of white noise in
Alice’s resource states, 1−p, and the quality of Bob’s gate op-
eration, ∆τ/τcoh. (b) Alice encodes information within noisy
discordant input states ρ(p)AB = pρAB + (1 − p)14 . Pro-
vided Bob has access to a ideal (cz) gate, Bob’s theoretical
performance (solid black line) is guaranteed to exceed the per-
formance limit of someone with single qubit gates (dotted red
line). This quantum advantage is retain in experiment (white
dots) for almost all p. Error bars are smaller than symbol
size. (c) Indeed, even under artificial degradation of (cz)
gate through temporal mode mismatch ∆τ/τcoh between the
interacting photonic qubits, the advantage continues to per-
sist till ∆τ/τcoh exceeds 0.1. Errors are based on Poissonian
counting statistics.
4interpreted as initiating the protocol with some effective
resource state ρ′AB . Provided ρ
′
AB contains discord—and
it generally will due to the robustness of discord to noise,
Alice can use ρ′AB in place of ρAB .
In Fig. 2(c) Alice prepares the optimal state ρAB and
Bob decreases gate performance by temporal mode mis-
match, where his optimal performance Iq is now limited
by the vacuum admixture, with ξ taking the role of the
noise parameter p. The amount of information Ic ex-
tractable without two-qubit gates is independent of the
gate operation in this scenario and therefore constant.
Again, as predicted, Bob can demonstrate a quantum
advantage up to ∼0.1 coherence lengths: Bob can still
convince Alice he is capable of performing an entangling
operation even when his gate doesn’t perform very well.
Conversely, if Alice knows the quality of the states she
sent, she will be able to quantify the performance of Bob’s
entangling gate based on his guess.
Our experiment complements the recent interpretation
of discord as a resource for entangling interactions. It also
sheds light on the previously considered phenomenon of
non locality without entanglement [27, 28]: unentangled,
but discordant states can be distinguished better than
zero-discord states with non-local measurements. The
consequences of our protocol extend beyond the prag-
matic vendor-client application we presented here. For
instance, in computer science, there is significant inter-
est in the resource asymmetry between performing a task,
and verifying whether an untrusted party can perform
specific computational tasks. This is reflected for exam-
ple, in the study of NP problems and zero-knowledge
proofs (proving to a party that you can do something
without telling them how you do it). Here we show
that something analogous exists for entanglement: it is
possible to prove one has entangling operations with-
out generating entanglement, provided there is some dis-
cord. It is an open question of whether this result can
be generalised to n-qubit states and gates. There is no
straightforward extension of our discord definition for n
qubits, but since 2-qubit entangling gates are universal
when combined with single-qubit operations, one may
bootstrap the 2-qubit certification. Meanwhile, candi-
date architectures for quantum computing are intrinsi-
cally entangling—such as spins in a solid interacting via
J-coupling—but are often too noisy to preserve entan-
glement. Our technique offers an immediate method to
certify whether such systems could in principle permit
genuine quantum processing.
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Appendix A: Proof of main result
In this section, we prove that for an arbitrary two-qubit
state ρAB with discord δ(A|B), and the aforementioned
encoding, Bob’s advantage using entangling gates is
Iq − Ic = δ(A|B), (4)
where Iq is Bob’s optimal performance with arbitrary
quantum processing, and Ic is the optimal performance
when entangling two-qubit gates are unavailable. This
is done by closing the multiple measurement loophole
in [22].
Let I ′c be Bob’s optimal performance when he has no
entangling gates, and furthermore, is restricted to a sin-
gle measurement on each qubit. Clearly this addition
restriction implies that I ′c ≤ Ic. We will prove that addi-
tionally, Ic ≤ I ′c, and thus Ic = I ′c.
This is done by contradiction. Assume that Ic > I
′
c,
i.e., Bob can exceed a performance of I ′c without use of
entangling gates by making multiple measurements on
either qubit A or qubit B. Let this be qubit B without
loss of generality.
Since A resides in a 2-dimensional Hilbert space, sub-
sequent measurements on B are advantageous only if the
first was weak, i.e., involving the interaction of B with an
ancilla C, followed by a measurement of C. This inter-
action, however, must have the potential to entangle A
and C and thus constitutes an entangling gate. This con-
tradicts out assumption that Bob did not use entangling
gates. Therefore Ic = I
′
c.
In [22], I ′c is referred to as the incoherent limit, and it
was established that
Iq − I ′c=δ(A|B) (5)
provided Alice’s choice of encoding is maximal
(
∑
k pkUkρU
k = I/2 is totally mixed for any single qubit
state ρ). This condition is satisfied for the encoding in
our protocol, thus, the relation also applies to Ic and
Iq − Ic = δ(A|B).
Note that if either system A or B is not a qubit, then
the above argument does not apply, and there is poten-
tial cheating strategy for Bob. In particular, a second
measurement on B can still be advantageous if the first
measurement on B contains degeneracy. For example, if
system B were to consist of a composite system of two
qubits, B1 and B2, Bob has the extra option of either
measuring in the sequence, B1, A, then B2, or B1, B2,
then A, conditioned on the outcome of measuring B1.
Such strategies are not accounted for in the derivation of
Eq. 5 in [22] and in general will allow Bob to achieve a
higher Ic.
Appendix B: Explicit Evaluation of Ic
Here we explicitly show that for the specific protocol
where ρAB is a mixture of three Bell states, Bob’s optimal
performance without two-qubit gates is Ic =
5
3 − log2(3).
First, note that Bob can saturate Ic by making a sin-
gle σz measurement on each of two qubits he receives
from Alice. If the measurement results are identical, he
guesses k = (0, ?), otherwise he guesses k = (1, ?), where
? denotes a random guess. This strategy gives no infor-
mation about the second bit, but can guess the first bit
correctly 2/3 of the time. The resulting information rate
is 1−H( 13 ) = Ic, where H(.) denotes the binary entropy.
This strategy is in fact optimal. Appendix A indicates
that Bob’s optimal strategy need only involve a single
measurement on each qubit. Consider first a measure-
ment on system B described by operators {Πb}. Since
the encoding Uk is localized to A, it commutes with the
measurement operation. Therefore, if Bob were to get
measurement outcome b, Alice would have effectively en-
coded onto the conditional state ρA|b. Bob’s resulting in-
formation rate is thus constrained by the Holevo bound,
1−∑b pbS(ρA|b), which is maximized when Bob chooses
a measurement that minimizes the expected entropy of
the resulting state. Due to the symmetry of ρAB , any
projective measurement does this. Without loss of gen-
erality, measurement in the σz basis gives
S(ρA|b) = σbx
(
2
3
|0〉〈0|+ 1
3
|1〉〈1|
)
σbx (6)
This results in a Holevo bound of 1−H( 13 ) = 53− log2(3).
To bound the case where Bob decides to measure qubit
A, we note that Bell states satisfy the property (σb1x σ
b2
z ⊗
I)ρAB(σ
b1
x σ
b2
z ⊗I) = (I⊗σb1x σb2z )ρAB(I⊗σb1x σb2z ). That is,
although Alice encoded onto qubit A, the resulting state
is functionally equivalent to encoding on qubit B. Thus,
by inverting A and B, the previous argument applies.
The optimal performance Bob can achieve without en-
tangling two-qubit gates is therefore Ic =
5
3 − log2(3).
Since δ(A|B) = 1/3, this agrees with our general result
that Iq − Ic=δ(A|B).
